A combined Car-Parrinello molecular dynamics blue moon sampling approach has been adopted to study the competitive attack of H 2 O and H 2 O 2 at a tetracoordinated Titanium site in a Ti-zeolite. The results indicate that, although the attack of water to form a trigonal bipyramidal center is thermodynamically more stable, the attack of hydrogen peroxide to form a similar adduct is kinetically favored. In both cases, solvent cooperation is effective in the formation of the adducts. The relevance of such a result in relation to the catalytic properties of Ti-zeolites is discussed.
Introduction
Titanium silicalite, 1 TS1, is a well-known highly selective catalyst for many oxidation reactions. TS1, a silica-rich zeolite with MFI structure, has been the subject of many investigations aimed at the understanding of the role played by the Ti centers.
Actually, TS1 has been a challenge for both theoreticians and experimentalists competing in the search for the structure of the Ti center in the zeolitic framework and for the mechanism of the oxidative reactions. The catalytic properties of TS1, and other Ti-zeolites as well, are of particular relevance because of the low environmental impact. Indeed, TS1 is able to convert quantitatively, and in mild conditions, light olefins (e.g., propene) into the corresponding epoxides by using a mixture of H 2 O/H 2 O 2 as oxygen source with the release of water as byproduct. 2, 3 At low Ti content (TiO 2 less than 3 wt %), Ti isomorphously replaces Si in the zeolitic framework assuming a tetracoordination with four framework oxygen atoms; 4 however, many structural details related to the mechanism of catalytic cycle are yet unknown, even if a number of models have been proposed. 2, [18] [19] [20] [21] [22] [23] When dry TS1 interacts with a H 2 O/H 2 O 2 mixture without organic substrate a yellow labile compound is formed 24 (absorbing light at 26 000 cm -1 ).
The yellow compound is destroyed or disappears unless further H 2 O 2 is poured into the system. 2 The change of color of the sample under contact with the solution of hydrogen peroxide indicates that H 2 O 2 chemically reacts with TS1, probably forming an unstable oxidized zeolite.
Zecchina and co-workers 24 have recently proposed a possible peroxo structure that could be related to the labile yellow compound. It is believed that such a labile intermediate plays a role in the catalytic cycle. However, the formation mechanism and the structural details of such an unstable complex are yet unknown.
At the microscopic level, the interaction between pure solvent and Ti-zeolite is much more clear. Several studies have been reported [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] on the interactions of dry TS1 with solvent molecules, like H 2 O or NH 3 , for instance.
A wealth of experiments, based on XANES, EXAFS, infrared, Raman, and UV spectroscopies among others, converged to a picture where the tetrahedral symmetry at the Ti center is disrupted upon absorption of solvent. The tetrahedral TiO 4 acts as a Lewis acid forming penta-or hexacoordinated Ti(L) n O4 centers, where L stands for a generic ligand (solvent) molecule and n ) 1, 2. In dry Ti-zeolites Ti-O bond distances are about 1.81 Å, whereas Ti-O distances are about 1.84 Å in the presence of solvent and the Ti-L distance is about 2.2 Å. 14 Moreover, a series of ab initio calculations on the Ti center in fully periodic zeolitic (chabasite) systems, 25, 26 indicate that the stability (binding energy) of the Ti(L) n O 4 centers with n ) 1 increases with the basicity of L. For instance, the binding energy for the complex with L ) NH 3 is higher than the one with L ) H 2 O. Recently, 27 the relevance of cooperation among solvent molecules in the formation of the TiLO 4 complex in zeolites, for the case L ) H 2 O, has been highlighted.
If one makes the quite reasonable hypothesis that in the formation of the yellow labile complex (H 2 O 2 chemisorption) the first step is similar to the adsorption of a L solvent molecule, there could be some difficulty in justifying the overall process. Indeed, as H 2 O 2 is a base much weaker than water and because in the H 2 O/H 2 O 2 mixture the water content is usually 70%, it may be not easy to accept that such a weaker base could replace a ligand, that is, a stronger base and in excess, in an acid-base TiLO 4 complex.
Model and Calculations
Here we present results of ab initio simulations of a Tizeolite (offretite) in the presence of both H 2 O and H 2 O 2 molecules. The aim of this investigation is the study of the energetic and of the activation energies for the formation of a Ti(L)O 4 center, where the ligand L is water or hydrogen peroxide.
The blue moon ensemble approach 28 in the frame of the first principles molecular dynamics scheme 29 is adopted in this investigation. Such an approach allows us to study the free energy profile for a process, and typically it has been used in the simulation of chemical reactions; 30-32 also, recently, the adsorption process of water on different surface sites of TiO 2 has been modeled with this approach. 33 In the case presented here, the adsorption of a molecule L (H 2 O or H 2 O 2 ) at the Ti center in the zeolite offretite is studied by ab initio blue moon sampling.
The stoichiometry of the system is [TiSi 17 O 36 ](H 2 O)(H 2 O 2 ) with periodic boundary conditions. The chosen framework structure is that of offretite 34 (OFF). Ti-OFF has been synthesized, and its catalytic activity in the oxidative reaction of olefins in the presence of a (H 2 O/H 2 O 2 ) mixture as the oxygen source has been demonstrated. 35 Cell parameters of the hexagonal OFF structure are a ) 13.229 Å and b ) 7.338 Å, as adopted in ref 27 for Ti-OFF and in ref 36 for Al-OFF. Such a choice is based on the fact that the cell parameters of Ti-OFF and Al-OFF are found equal in X-ray powder diffraction experiments when the content of Al and Ti are the same in the zeolite. 35 A gradient-corrected density functional approximation 37,38 is adopted for the electronic structure calculations, normconserving nonlocal pseudopotentials 39, 40 approximate the corevalence interactions. Kohn-Sham orbitals 41 were expanded in plane waves up to a kinetic energy cutoff of 60 Ry (240 Ry for the density representation). The equations of motion were generated by the Car-Parrinello-Lagrangean 29 and numerically integrated 42 by adopting a time step of 0.121 fs and a fictitious inertia parameter for the coefficients corresponding to 500 au. Nose-Hoover chains of thermostats were used for temperature control. 43 After equilibration of such a system at 298 K, two configurations were chosen as starting points for the blue moon samplings, one with H 2 O 2 approximately at the center of the large 12-member ring close to the Ti site, the other with the H 2 O molecule close to the Ti site. The two starting configurations are represented in Figure 1 .
The reaction coordinate Q adopted in this study is the O(L)-Ti distance, where O(L) is a H 2 O 2 oxygen atom or the H 2 O oxygen in the case of water. In the case of H 2 O 2 , only one of the two oxygen atoms was constrained at a fixed distance from Ti, whereas the second oxygen atom was completely free.
In each sampling, Q was held fixed and a Car-Parrinello simulation was performed until the force f(Q) necessary to fulfill the O(L)-Ti constrained distance converged to a stable value 〈f(Q)〉 . Then, a new Q value was chosen, and a further simulation performed with the same criterion. We performed nine constrained simulations in the case of H 2 O 2 insertion, whereas seven constrained simulations were sufficient for describing the insertion path of water.
By numerically integrating -〈f(Q)〉 along the path for each blue moon sampling, we calculated the free energy profile for the processes. 28 They are graphically represented in Figure 2 . From inspection of the free energy profiles two main points can be considered: both processes are activated and for both cases the "products", i.e., the TiLO 4 pentacoordinated center, are more stable than the initial (reagents) state. The relevant geometrical data averaged from the configurations in correspondence of the two free energy minima are reported in Table 1 . In both cases the Ti center assumes a distorted trigonal bipyramidal geometry, four vertexes are formed by framework oxygen atoms, and the fifth vertex is occupied by the oxygen atom of the ligand. In the equilibrium configuration without ligands, 27 Ti assumes a tetrahedral geometry with four framework oxygen atoms at an average distance of 1.821 Å and O-Ti-O angles of 109.4°.
The Ti-O(L) distance resulted 2.24 Å for the water insertion and 2.42 Å for the hydrogen peroxide insertion. Such results are in line with both experimental data on ligands adsorption at Ti site 14 in TS1 and theoretical data from computer simulations. 26, 27 Inspecting the configurations along the various trajectories in the blue moon sampling yielded an interesting point in both simulations: close to the maximum of the respective free energy profiles, a solvent molecule starts to interact via a hydrogen bond with the ligand molecule and such a hydrogen bond is conserved for both simulations. In ref 27 Figure 3 .
In particular, the Ti(H 2 O)O 4 average geometry found in the blue moon sampling is very similar to the one found in standard equilibrium molecular dynamics simulations in hydrated Ti-OFF reported in ref 27 .
As far as the energetic of the processes is concerned, we found a free energy stabilization of 2.51 kJ mol -1 for water insertion and 1.25 kJ mol -1 for hydrogen peroxide insertion. Moreover, we have attempted to force hexacoordination by inserting a second ligand into a pentacoordinated TiLO 4 complex; however, our results indicate that hexacoordinated Ti in Ti-OFF is not stable and they will not be discussed in detail.
For the sake of completeness, we recall that such free energy is relative to the formation of the pentacoordinated Ti complex with respect to the ligand already inside the zeolite channel; therefore the contribution due to the adsorption from the vacuum of the ligand into the zeolite is not accounted for in our calculations. However, when the ligands, H 2 O and H 2 O 2 , are both inside the zeolite, the insertion of H 2 O at the Ti center should be energetically favored, and such a finding is in line with the idea that the stronger the basic character of a ligand L, the higher the stability of the Ti(L)O 4 complex. 26 However, a key point emerges from the free energy profiles of the two insertion paths, namely, the height of the free energy barrier is higher for H 2 O (6.36 kJ mol -1 ) with respect to that of H 2 O 2 (3.64 kJ mol -1 ). Such a finding indicates that kinetically the hydrogen peroxide insertion should be favored with respect to water insertion. An estimation of the rate k (turnover) of the two processes can be obtained by the formula where k B is the Boltzmann constant, h is the Planck constant, and F # is the free energy barrier. From such an estimation, it results that both processes are quite fast, of the order of the picosecond; however, the insertion of H 2 O 2 is faster (k ) 1.4 × 10 12 s -1 ) than the equivalent process for a water molecule (k ) 0.5 × 10 12 s -1 ). In other words, though thermodynamics should favor the insertion of water at the Ti center, which could dump the catalytic power of Ti zeolites, kinetics favors the insertion of H 2 O 2 . This fact may explain why strongly alkaline solutions (i.e., high concentration of OH -) inhibit the catalysis, and why a solvent with a lower basic character than water (e.g., methanol) is a good solvent for catalysis. 2 The structure of the weakly bound Ti(H 2 O 2 )O 4 complex with a Ti-O(L) equilibrium distance of about 2.42 Å, probably does not correspond to the one of the yellow labile complex. 24 Therefore such a nonreactive adsorption of hydrogen peroxide should be considered as the first step toward the formation of the chemically adsorbed yellow complex.
Summary
The formation of complexes with water and hydrogen peroxide at the Ti center of a zeolite has been studied by a combined Car-Parrinello 29 statistical perturbation theory 28 approach. It is shown that the complex formed by H 2 O is thermodynamically more stable, whereas the complex formed by H 2 O 2 is kinetically favored.
In this study we have focused our attention only on the formation of a Ti(L)O 4 center without pushing our analysis to the study of the "yellow labile complex"; namely, we have restricted the analysis to the physisorption of H 2 O or H 2 O 2 . What we have been investigating is the competitive attack of the two different ligands to a tetrahedral Ti center in a zeolite structure at room temperature. Actually, to the best of our knowledge such a "physisorbed H 2 O 2 complex" has not been experimentally detected; however, a similar weakly bound H 2 O 2 -TiO 4 complex has been reported in the literature as result of a cluster modeling of the active site in the epoxidation reaction. 18 However, we are now in a position to undertake a study of the reactive path toward the search of such a H 2 O 2 -zeolite labile complex by starting from a free energy minimum, and moreover, such a structure, even if thermodynamically less stable than the corresponding H 2 O adduct, could have a relevant concentration inside the zeolitic channels because of its favorable kinetics.
